Background: Denosumab has been shown to reduce tumor size and progression, reform mineralized bone, and increase intralesional bone density in patients with giant cell tumor of bone (GCTB); however, radiologic assessment of tumors in bone is challenging. The study objective was to assess tumor response to denosumab using three different imaging parameters in a prespecified analysis in patients with GCTB from two phase 2 studies.
Background
Giant cell tumor of bone (GCTB) is a histologically benign bone tumor composed of mononuclear stromal and multinucleated giant cells that exhibit osteoclastic activity, typically arising in the metaphyseal/epiphyseal portions of long bones [1, 2] . GCTB causes significant bone destruction, leading to pain, pathologic fracture, and impaired joint structure and functionality [3, 4] . Surgical resection is the primary curative method for GCTB; however, aggressive interventions, such as adjuvant therapy with liquid nitrogen or phenol, are often required to decrease morbidity, avoid amputation, and ensure adequate local control [4, 5] . Effective treatment options are limited for patients with lesions in locations not amenable to surgical resection [4] , and local recurrence develops after several years in approximately 10-50% and 5% of patients after intralesional treatment or wide resection, respectively [5] [6] [7] [8] .
Constitutive activation of receptor activator of nuclear factor-kappa B (RANK) ligand maintains the osteolytic phenotype in GCTB [9, 10] . Denosumab (XGEVA ® , Amgen Inc., Thousand Oaks, CA, USA), a RANK ligand inhibitor, is a fully human monoclonal antibody approved for the treatment of unresectable GCTB or when resection may result in severe morbidity. Denosumab treatment of GCTB prevents further tumor progression, reduces tumor size, reforms mineralized bone, and increases intralesional bone density [10, 11] .
Radiologic assessment of tumor response in bone tumors presents unique challenges, and no uniform radiographic assessment criteria to date have been advanced to specifically assess response in GCTB. To address this challenge, our analysis combined imaging assessment techniques and captured response elements from three response evaluation measures widely employed in the assessment of change in tumor burden across a variety of tumor types, with modifications to tailor the response measures specifically to the unique properties of GCTB. Imaging records from two phase 2 clinical trials that supported denosumab registration [10, 11] were analyzed with three imaging parameters to measure the changes in lesion size and density, compare available radiographic parameters, and assess treatment response to denosumab in patients with GCTB.
Methods

Study design
This analysis used data pooled from two phase 2, open-label, single-arm, international, multicenter studies of denosumab [10, 11] in skeletally mature patients (≥ 12 years of age) with histologically confirmed GCTB and radiographically measurable disease. Key exclusion criteria included current use of alternative GCTB treatments (e.g., radiation, chemotherapy, embolization, or bisphosphonates). Study 1 [10] is complete; study 2 is ongoing [11] . In both studies, patients received 120 mg denosumab subcutaneously every 4 weeks, with additional loading doses on days 8 and 15 of the first treatment cycle (i.e., month 1). Patients received denosumab until disease progression and no clinical benefit, patient decision to withdraw from the study, or until complete tumor resection. In study 2 [11] , patients with complete tumor resection received an additional six doses of denosumab after resection.
Imaging assessments
Patients with ≥ 1 evaluable time point assessment were included in this analysis (Fig. 1) . In study 1, computed tomography (CT) or magnetic resonance imaging (MRI) was required every 3 months [10] , and in study 2, the imaging modality and frequency followed the local standard practice, which included plain film radiograph, CT, MRI, and 2-deoxy-2-[
18 F]fluoro-D-glucose positron emission tomography ( 18 FDG-PET) [11] . Lesion images were retrospectively reviewed centrally by experienced bone radiologists blinded to investigator assessment. The central review was performed using a charterspecified, two-reader paradigm, with adjudication in case of interpretation discordance [11] . Key parameters and processes of the integrated, independent analysis of objective tumor response were agreed upon following consultation with regulatory authorities.
All available CT, MRI, and whole-body 18 FDG-PET images were provided for the assessment of tumor response and disease progression using prespecified criteria (Table 1) . Up to three response evaluation parameters were used to capture the unique anatomic and radiologic features of each lesion and response to treatment. These included criteria for modified Response Evaluation Criteria in Solid Tumors version 1.1 (RECIST), European Organisation for Research and Treatment of Cancer (EORTC; referred to as PET scan criteria), and inverse Choi density/size (ICDS) as outlined in Table 1 [12] [13] [14] . Postbaseline time points for assessment of tumor response, including the length of therapy by the patient, are summarized in Additional file 1: Figure S1 .
Statistics
Statistical analyses were descriptive in nature, and only summary statistics were presented. The analyses included the proportion of patients with an objective tumor response, time to first objective tumor response, duration of objective tumor response, and the proportions of patients with sustained (≥ 4, 12, and 24 weeks) objective tumor response and tumor control (complete response [CR], Modified RECIST 1.1 [13] Modified EORTC [12] ICDS [14] CR Disappearance of all target lesions; all target lymph nodes are < 10 mm in the short axis ). Objective tumor response was defined as either CR or PR using any of the three tumor response evaluation criteria. The proportion of patients with an objective tumor response by baseline target lesion location and the percentage changes from baseline for lesion diameter and density were also summarized.
Results
Patients
Of the 303 patients, 190 (study 1 [n = 27] and study 2 [n = 163]) were included in this analysis. Of these, 187 had measurable anatomic lesion size evaluable by CT, 26 had functional imaging by 18 FDG-PET, and 176 had CT-evaluable lesions, assessed for Hounsfield unit (HU) density and size, and were included in the RECIST, PET scan criteria, and ICDS evaluations, respectively. Study 1 patients primarily had axial skeleton lesions not amenable to surgery with curative intent. Study 2 patients were divided into resectable lesions for which surgery could lead to significant morbidity (cohort 1) and unresectable tumors (cohort 2). All patients had radiographic evidence of active primary or recurrent GCTB within the previous year, with target lesions distributed across the disease spectrum; pelvis/sacrum (n = 61; 32%), lower extremities (n = 39; 21%), and lung (n = 38; 20%) were common target lesion sites. Most patients (70%) had prior GCTB resection/surgery, 20% had received prior bisphosphonates, and 20% had received prior radiotherapy (Table 2) . Median (range) of time of patient participation was 13.4 months (1.7-48.9); patients received a median (range) of 16 doses (4-54) of denosumab. Baseline demographics and disease characteristics for patients without evaluable imaging analysis were similar to the population included in this analysis (Amgen Inc., data on file (Table 3) . Using any response criteria, the median time to first objective tumor response (Kaplan-Meier estimate) was about 3 months per PET scan and ICDS criteria and was not estimable per RECIST. Overall, tumor responses were sustained; most patients (68.5%) had an objective tumor response for ≥ 24 weeks (Table 3) . When analyzed by study and cohort, response rates were similar for PET scan criteria and ICDS (Table 3) . Variations were observed when using RECIST, which showed a lower rate of response for study 1 (11%) than study 2 (28%). Within study 2, the response rates per RECIST were 32% and 17% for cohort 1 and cohort 2, respectively (Table 3) . Similar results were observed for sustained objective tumor responses at weeks 4, 12, and 24 (Table 3) .
Objective tumor response by target lesion location showed that the crude incidences of response (95% CI) using any criteria were 14/24 (58.3% [36. 6- Figure 2 shows CT images before and after denosumab treatment in a patient with sacral GCTB. Tumor control ≥ 24 weeks was observed in 98.2% of patients using any criteria; similar rates were observed for the other response criteria (Table 3) . Median (range) lesion size was 62.5 mm (10-283), consistent with the advanced disease in the study population (Table 4) . Anatomic extent, measured by longest diameter (LD), demonstrated that the greatest percentage decreases in size occurred ≤ 3 months on-study and were consistent and sustained. Considering the best percentage change in LD, arrangement in increasing order of degree of response per the ICDS evaluation (Additional file 1: Figure S2a ) revealed a group of patients that did not respond to therapy, with an LD increase ≥ 10% (n = 4, 2%); a second group of patients with SD and LD changes ± 10% (n = 76, 43%); and a third group of patients with an LD decreases ≥ 10% (n = 95, 54%). For responders (defined by ≥ 10% reduction in tumor size; Table 1 ) with a measurable decrease in LD, there was an evenly graded distribution of best LD reduction ranging from 11 to > 70%.
Using HU density as a response parameter, the best percentage change in density for target lesions showed that 99 of 124 patients (80%) had ≥ 15% increase and 25 Defined as CR + PR + SD patients (20%) had < 15% increase (Additional file 1: Figure S2b) ; 15% is the density cutoff for the response per Choi gastrointestinal stromal tumor (GIST) criteria [14] . HU evaluation showed that percentage increases in tumor density ≤ 6 months on-study were consistent and sustained; mean HU values rarely decreased once increases were observed, with medians of 93 and 108 at postbaseline time point assessments 1 and 2, respectively. Time point assessments were ≥ 24 weeks apart [11] . At baseline, the mean (SD) maximum standardized uptake value (SUV max ) of 18 FDG-PET in 26 patients using PET scan criteria was 11.1 (4.7), indicative of high metabolic activity in GCTB lesions before denosumab treatment (Table 4) . Almost 100% of lesions showed a rapid reduction in 18 FDG-PET avidity at the earliest time point assessment (Table 3) . PET responsiveness did not appear to vary with lesion location. Reduction in 18 FDG-PET avidity therefore appeared to be an early and universal sign of response to denosumab treatment.
Discussion
We observed impressive tumor control rates, with nearly all patients with GCTB showing sustained tumor control for ≥ 24 weeks, using any of the response criteria. Increases in lesion density by HU likely reflected the pharmacodynamic response to denosumab treatment (i.e., suppression of osteolysis and increased formation of dense fibro-osseous tissue and/or woven bone [9] ). This clinical benefit allows patients to defer or downstage their planned surgical procedure when surgical resection is likely to result in severe morbidity [15] . In contrast, a purely size-based evaluation using RECIST is potentially insensitive in assessing response in bone lesions with a mixed osteolytic and expanding soft tissue component; the size of GCTB tumors changes little with targeted therapies. Therefore, an inverse modification of the ICDS was used to evaluate both GCTB density and size; either a decrease in size or an increase in density was ]-fluorodeoxyglucose positron emission tomography, LD longest diameter, max maximum, min minimum, Q quartile, SUV max maximum standardized uptake value considered a response to treatment. In GCTB, decreases in tumor size per LD are believed to reflect cytoreduction, in alignment with RECIST principles for solid tumor assessment. The kinetics of GCTB responses to denosumab therapy showed rapid cytoreduction that peaked by 3 months and was maintained thereafter, with responses of ≥ 24 weeks in nearly all patients. The Choi criteria were developed to monitor response in a soft tissue sarcoma undergoing targeted therapy where tumor cell viability and radiological size reduction may be uncoupled during the response to treatment [14] . Analogous to GIST, in the setting of GCTB, we believe that the ICDS criteria used in the present study perform as pharmacodynamic markers of effect and may offer an advantage to conventional RECIST.
In our study, patients had unresectable tumors or tumors requiring highly invasive or disabling surgery in an attempt to achieve surgical cure; therefore, there was a large number of pelvic, spine, and pulmonary lesions that complicated radiographic evaluation of response. Using ICDS, four patients had a ≥ 10% increase in LD, two of whom sustained increases in tumor size after study enrollment but before administration of denosumab. These two patients experienced sustained disease control lasting several months while receiving denosumab continuously, and for one patient, 12 additional months of disease control following discontinuation of denosumab. The remaining two patients had atypical GCTB. One had multiostotic and metastatic GCTB with lesions in the pelvis, rib, and lung at study entry and received denosumab for 8 months before being lost to follow-up. Multiostotic GCTB accounts for < 1% of all GCTB and has a different clinical presentation than solitary lesions; typically, patients are younger, suggesting a germ-line component that confers susceptibility to the disease [16] [17] [18] [19] [20] [21] . The other patient with atypical GCTB with an increased tumor size had a clinically aggressive disease with ten previous attempts at surgical resection before enrollment. While these patients met all histological entry criteria and had pathologically confirmed GCTB, it remains unclear whether their atypical courses before and during denosumab treatment suggest an aggressive clinical variant of classical GCTB or an alternative diagnosis. Because true nonresponse to denosumab in GCTB is rare, patients with nonresponse may deserve more comprehensive sampling for histological disease assessment. The best percentage change in density for target lesions in the ICDS evaluation showed that 80% of the 124 patients evaluable for density had a ≥ 15% increase in density, reflecting the desired outcome of denosumab therapy.
Our results confirm and extend findings reported in a smaller study [22] where 88% patients (n = 17) had an objective tumor response using any response criteria after denosumab treatment (median duration of 13.1 months). In the present study, the proportions of patients with an objective tumor response were 35% per RECIST, 82% per PET scan criteria, and 71% per ICDS criteria (size/density). The median time to objective tumor response using any of the response criteria was 3.0 months (95% CI, 2.9-3.1). The benefit of denosumab in GCTB has already been established [10, 11] ; our results provide clinicians with additional information on imaging and monitoring patients with GCTB treated with denosumab.
The single-arm study design limits our analysis; however, the central independent review of images was conducted to minimize this limitation. Furthermore, this study had a large number of unevaluable patients, there was no protocol-defined imaging schedule or methodology (which is standard for this type of study), and only a few PET scans were done, as PET was optional. We also limited our definition of sustained tumor control to a time frame of 24 weeks, which may be considered short by some clinicians; however, there are no well-established tumor response criteria for patients with GCTB [22] . We also did not examine any association between response and extent of prior treatment or other factors. The retrospective nature of this analysis made obtaining historical images difficult.
There are inherent limitations associated with using RECIST alone for assessment of denosumab response in GCTB because of the sometimes modest reduction in tumor size despite clinical benefit. Reduction in 18 FDG-PET avidity predicted a favorable tumor response and sustained tumor control with denosumab treatment. Given the rarity of denosumab refractoriness in typical GCTB, new or continued high SUV max levels while on denosumab should alert clinicians to the possibility of an aggressive clinical variant or an alternate diagnosis such as sarcoma.
Our data do not suggest an increase in the risk of osteosarcoma following denosumab treatment. There are recent case studies of patients with GCTB treated with denosumab who have developed osteosarcoma [23, 24] ; three patients were diagnosed with osteosarcoma during denosumab treatment in primary reports of the studies used for our analysis [10, 11] . Patients with GCTB are at higher risk for developing osteosarcoma than the general population, with approximately 2-5% of patients developing secondary sarcoma following radiotherapy or surgical resection [25] [26] [27] . There also remains the previously reported, equally difficult task of identifying patients with small foci of sarcomatous change within the large field of otherwise benign-appearing GCTB [28] . The incidence of pathologic fracture is up to 30% in patients with GCTB; data to date do not indicate an increased rate with denosumab [8, 29, 30] .
Conclusions
Modified PET scan criteria and ICDS criteria showed responses in most patients in our analysis, indicating a substantially higher benefit rate compared to that assessed by modified RECIST. PET or CT with ICDS provided an early indication of treatment response. Moreover, all response criteria indicated tumor control ≥ 24 weeks to denosumab. Loss of 18 FDG-PET avidity may have a dual role in both predicting long-term disease control and offering clinicians some reassurance that there is not a focus of sarcoma with the GCTB lesion, which would likely remain 18 FDG-PET avid despite denosumab treatment. Further research is required to determine the appropriate imaging technique to be used longitudinally in a given patient, although many practitioners favor a combination of plain radiographs and CT. Regardless of the modality used, careful evaluation of nonresponders is necessary.
Additional file
Additional file 1: Figure S1 . Postbaseline time point assessments for tumor response by study for patients with ≥ 1 evaluable time point assessment. Per protocol, the sites were instructed to perform CT or MRI scans of the lesion at baseline and quarterly during the treatment period. 18 FDG-PET scans were performed at the discretion of the investigator. Because this was a retrospective, independent image review, no specific acquisition parameters were provided. Sites were instructed to use their standard acquisition parameters for CT, MRI, and 18 FDG-PET. Consistent use of the imaging modalities, parameters, and contrast was recommended for reproducibility. CT computed tomography, 18 FDG-PET 2-deoxy-2-[ 18 F] fluoro-D-glucose positron emission tomography; MRI magnetic resonance imaging. Figure S2 . 
